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Abstract – We report terahertz coded-aperture imaging using photo-induced reconfigurable 
aperture arrays on a silicon wafer. The coded aperture was implemented using programmable 
illumination from a commercially available digital light processing projector. At 590 GHz, 
each of the array element apertures can be optically turned on and off with a modulation 
depth of 20 dB and a modulation rate of ~1.3 kHz. Prototype demonstrations of 4 × 4 coded-
aperture imaging using Hadamard coding have been performed and this technique has been 
successfully applied to mapping THz beams by using a 6 × 6 aperture array at 590 GHz. The 
imaging results agree closely with theoretical calculations based on Gaussian beam 
transformation, demonstrating that this technique is promising for realizing real-time and 
low-cost terahertz cameras for many applications. The reported approach provides a simple 
but powerful means to visualize THz beams, which is highly desired in quasi-optical system 
alignment, quantum-cascade laser design and characterization, and THz antenna 
characterization. 
 
 
The submillimeter-wave and terahertz (THz) region in the electromagnetic spectrum has 
become more and more important to radio astronomy, chemical spectroscopy, bio-sensing, 
medical imaging, security screening and defense [1-4]. In recent years, technologists have 
intensified their efforts to develop imaging systems operating in the THz region for all the 
above applications [5-8]. In addition, high-performance and low-cost imaging devices are 
highly desired for THz beam visualization for scientific metrology applications such as quasi-
optical system alignment, quantum-cascade laser (QCL) design and optimization [9], and 
THz antenna characterization [10]. To date, the THz imaging systems that have been 
demonstrated generally fall into one of three categories: (1) single-element imagers that 
obtain images by mechanical scanning, (2) array imagers (e.g. focal-plane arrays (FPAs)) that 
consist of an array of imaging sensor elements [6-8], and (3) coded-aperture imaging (CAI) 
using two-dimensional aperture masks [11-14]. In many applications, important events 
happen on the scale of microseconds, making imaging by mechanical scanning impractical 
due to the inherently low frame rates. Array-based imagers such as FPAs can greatly reduce 
observing and processing time by recording imaging information in parallel. Although FPAs 
offer the highest imaging speed and signal-to-noise ratio, they tend to be complicated and 
expensive, especially for large-scale arrays with high imaging resolution.  
Compared to THz imaging using mechanical scanning and focal-plane arrays, CAI offers the 
advantage of both high performance (i.e., high signal-to-noise ratio and high frame rate) as 
well as the potential for realizing simple and low-cost systems. CAI-based systems are based 
on spatial encoding and modulation to eliminate the need for detector arrays. In this imaging 
technique, a single THz detector in combination with a series of N x N coded aperture masks 
is required in order to obtain an image with an N x N resolution. Measurements with N2 
masks are taken, and the same number of linear equations are then solved to reconstruct the 
object image [11]. This basic concept has been demonstrated using masks fabricated on 
printed circuit boards [12]. In order to achieve high frame rates with THz CAI, aperture 
arrays electronically actuated by Schottky diodes [13] and graphene modulators [14], 
respectively, have been proposed to realize the required coded masking. However, these 
approaches require complicated and prepatterned circuits for operation, which also results in 
expensive and complex systems.  
In this letter, we report THz CAI using photo-induced reconfigurable aperture arrays using an 
unpatterned silicon wafer illuminated by a commercially available digital light processing 
projector (DLP). The optical THz modulation mechanism described in [15] was employed to 
spatially modulate each array pixel. Pixels illuminated with light will be turned “off” due to 
increased photo-induced free carriers and local conductivity, while other pixels remain highly 
transparent (“on”) to THz signal. This approach allows us to generate extremely large-scale 
reconfigurable coded masks (e.g., 1024 × 768, only limited by the DLP resolution and carrier 
diffusion lengths in the Si wafer) for THz CAI, without the need for any microfabrication 
processes or precise alignments. We demonstrate that at 590 GHz, each array element 
aperture (pixel) can be effectively turned “on” and “off” with a modulation depth of 20 dB 
and at a modulation rate of ~1.3 kHz. Prototype demonstrations of 4 × 4 coded-aperture 
imaging using Hadamard coding [11] have been performed and this technique has been 
successfully applied to mapping THz beams with 6 × 6 pixels at 590 GHz.  
Fig. 1 shows the experimental setup [15, 16] in which a frequency multiplication chain based 
on Schottky diode multipliers (Virginia Diodes, Inc.) was used as a THz source in the 
frequency range of 570-600 GHz with an average output power of approximately 1mW. The 
output was coupled to free space using a WR-1.5 horn antenna. Four off-axis parabolic 
mirrors (M1-M4 in Fig. 1) were used to collimate and focus the THz beam. After passing 
through the Si wafer that serves as the coded aperture, the focused THz beam was reflected 
by an  indium tin oxide (ITO)  coated  glass plate  onto  a broadband zero-bias Schottky diode 
               
Fig.1. (color online) Diagram of the experiment setup. Reconfigurable photo-induced Hadamard 
aperture array was produced on a semi-insulating silicon wafer for THz coded-aperture imaging at 
590 GHz. A commercially available DLP project was employed for generating the Hadamard 
patterns. 
 
(ZBD) detector [17]. The ITO-coated plate was mounted at 45° with respect to the THz 
beam; the ITO-coated plate reflects the THz signal, but is optically transparent so that the 
optical pattern from the DLP can project onto the Si wafer. A 200 µm thick double-side 
polished semi-insulating silicon wafer was used as the coded-aperture modulator. This silicon 
wafer was illuminated by a commercially available DLP to generate reconfigurable 
Hadamard coded aperture arrays for CAI (see Fig. 1 inset for a representative 4 × 4 
Hadamard array). The DLP system consisted of a 0.7” digital mirror device (DMD) panel 
with 1024 × 768 dot resolution and a 200 W mercury lamp. For this application, the RGB 
filter wheel was removed to allow generating white light images with a maximum brightness 
of ~2500 lumens after passing through a visible bandpass filter (400-800 nm). To focus the 
projected image down to an area of 10 × 10 mm2 on the Si wafer, an additional lens was 
inserted in the optical path. For the imaging demonstration, a thin metal target (covered by 
absorber) with an open aperture was placed in the THz beam just before the silicon wafer 
(position “O” in the inset of Fig. 1) to serve as an object. For the THz beam mapping 
application, the silicon wafer was moved axially along the THz beam while keeping the 
aperture array patterns focused (the DLP moved together with the silicon wafer).  
	  	  	  	  	  	  	  	  	   	  	  	  	  
Fig. 2: (a) Measured THz responses from the detector as a function of DLP light intensity at three 
frequencies, i.e., 578.4, 588 and 592.2 GHz. The inset shows the normalized transmission for 0% and 
100% intensity measured over the entire frequency range of 570-600 GHz. A modulation depth, or 
“on” and “off” ratio of ~ 20 dB has been obtained [15].  
 
Previous demonstrations have shown that free-carrier absorption in Si can be effective for 
optically-controlled modulation of continuous waves in the frequency range of 570-600 GHz 
[15]. In this work, we have extended this concept to spatially encode the array pixels for 
reconfigurable Hadamard aperture masks. Fig. 2 shows the measured THz responses from the 
detector as a function of DLP light intensity (0%-100%, 100% corresponding to white light at 
~2500 lumens) for three THz frequencies (i.e., 578.4 GHz, 588 GHz and 592.2 GHz). With 
increasing of the photo-excitation intensity, the density of free carriers increases, resulting in 
reduced transmitted THz power (power is proportional to the detector output voltage in the 
square-law region of the detector). The inset of Fig. 2 shows the normalized THz 
transmission (normal to the response without light) for 0% and 100% intensity measured over 
the entire frequency range of 570-600 GHz. A modulation depth, or the “on” (with 0% or 
black light) and “off” (with 100% or white light) ratio of ~ 20 dB at 585 GHz has been 
obtained. A relatively flat modulation depth is obtained over the frequency range of 578-592 
GHz.  
 
Fig. 3: Time response of THz wave modulation by switching DLP projection light at a rate of 5 Hz. 
The inset shows the enlarged view of transition. The transition time was determined by the switching 
rate of DMD panel and was measured to be ~550 µs. 
 
To estimate the modulation speed, we illuminated uniform white light (100%) pulses onto the 
silicon wafer by programming the DLP to “flash” at a frequency of 5 Hz. Figure 3 shows the 
modulated THz output signals (585 GHz) corresponding to the photo-excitation from the 
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DLP. The transient response (Fig. 3 inset) of the temporal THz modulation shows a 10-90% 
rise (from “off” to “on”) time of ~550 µs, corresponding to a 3-dB bandwidth of ~1.3 kHz. 
This modulation speed is slower than what is expected based on the free carrier 
recombination rate in silicon [18], but rather could be limited by the speed of the DMD array 
control electronics (~1.9 kHz) in the DLP projector [19]. High speed DMD chipsets such as 
DLPC410 by Texas Instruments, Inc. could be employed to provide a 32 kHz frame rate for 
much improved imaging speed [19].   
 
Fig. 4: 4 x 4 THz CAI at 590 GHz using reconfigurable photo-induced aperture arrays on a silicon 
wafer. (a) Left column: thin metal pieces (covered by absorber) with aperture openings at different 
positions as imaging objects. (b) Middle column: Single aperture CAI results. (c) Right column: 
Hadamard CAI imaging results. 
 
For a prototype demonstration of THz CAI using the photo-induced reconfigurable aperture 
arrays (as seen in Fig. 1), we performed THz imaging at 590 GHz with a 4 x 4 pixel array. In 
this experiment, we employed the well-known Hadamard coding [11] (4 x 4 Hadamard 
matrix containing “1” and “-1” elements) for generating a series of coded masks. In order to 
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generate the “-1” elements in the Hadamard matrix, we recorded the result corresponding to 
each matrix using an array with elements “1” (aperture “on”) and “0” (aperture “off”) and its 
complementary array, and then subtracted the two measurements from each other. In this 
way, a total number of 32 arrays were used for imaging with 4 x 4 pixels. The use of 
compressed CAI [12] can significantly reduce the required number of masks. To verify the 
effectiveness of this imaging approach, a thin metal target (covered by absorber) with an 
open aperture (see Fig. 1 inset) was used as the test object. 
The imaging was performed automatically with a LabView program. Each array pattern was 
illuminated onto the silicon wafer for one second followed by a full black image for another 
second to reduce the heat effect on the silicon wafer introduced by the DLP projector. The 
above procedure was repeated with reconfigured Hadamard patterns for 32 times. 16 linear 
equations were then built and solved to reconstruct the image for the object. For comparison, 
imaging results using the single aperture CAI as described in [15] are shown in Fig. 4(b) and 
shown in Fig. 4(c) are the imaging results using the Hadamard coding for two different 
objects. The reconstructed images agree quite well with the original objects showing this 
technique is promising for THz imaging. Since the modulation speed of this approach was 
estimated to be ~1.3 kHz, a real-time video-rate (30 frame/sec) imaging with 7 x 7 resolution 
can be potentially demonstrated. A real-time low-cost THz camera for many practical 
applications could be realized on the basis of this approach.   
In addition, we applied the above THz imaging approach to map the THz beam in the 
experimental setup as shown in Fig. 1. The THz beam waist (or radius w) size as a function of 
distance from the parabolic mirror M4 (d) was first calculated using Gaussian beam 
transformation described in [20] and the result is shown in Fig. 5 (a). For mapping the THz 
beam,  the  imaging  object  (thin  metal  piece)  for  the  prototype  CAI   demonstration was 
 
 
Fig. 5. (a) Calculated THz beam waist as a function of the distance from the parabolic mirror M4. The 
inset shows the three positions chosen for taking THz images using the reported THz CAI approach. 
(b) Images of the THz beam in the quasi-optical system (shown in Fig. 1) at the three positions 
indicated in (a). Red dashed circles show the calculated THz beam sizes (~ 9 mm, 7 mm, and 5 mm 
for P1, P2, and P3, respectively) using Gaussian beam transformation [19].  
 
 
 
 
 
removed from the system. The silicon wafer was moved to three different positions P1 (d1 = 
88 mm), P2 (d2 = 92 mm) and P3 (d3 = 96 mm) as shown in the inset of Fig. 5(a). During this 
process, the projected image from the DLP was kept focused (DLP moved together with the 
silicon wafer) and the imaging area on the silicon wafer remained 10 x 10 mm2. As shown in 
Fig. 5(b), THz images at the three positions were taken using the above approach with 6 x 6 
pixels. Although with relatively low resolution, all three images clearly show the THz beam 
at the positions where the silicon wafer was placed with a brighter region at the imaging area 
center. The red dashed circles (~4.5 mm, 3.5 mm and 2.5 mm radius for P1, P2 and P3 
respectively) show the calculated THz beam sizes based on the calculation in Fig. 5(a), 
indicating that good agreement between the theoretical calculation and the experiment has 
been obtained. This suggests that this approach is a simple but potentially powerful means to 
visualize THz beams in a quasi-optical system. This same technique could be quickly refined 
and applied to quantum-cascade laser optimization and characterization, as well as THz 
antenna characterization. Future work will be focused on the development of real-time and 
low-cost THz cameras with more sophisticated coding, specifically designed DLP 
chips/systems, and high-performance THz detectors and receivers [6, 7].      
In conclusion, we report a novel approach for terahertz CAI using photo-induced 
reconfigurable aperture arrays on a silicon wafer illuminated by a commercially available 
DLP projector. At 590 GHz, each of the array element aperture can be optically turned on and 
off with a modulation depth of 20 dB and a speed of ~1.3 kHz. Prototype demonstrations of 4 
× 4 coded-aperture imaging using the Hadamard coding have been performed and this 
technique has been successfully applied to mapping THz beams with 6 × 6 pixels at 590 
GHz. The reported approach provides a simple but powerful means to visualize THz beams, 
which is highly desired in quasi-optical system alignment, quantum-cascade laser design and 
THz antenna characterization. 
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